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• The rhythmic beating of the heart is a subject that fascinates poets, songwriters, philosophers, and romantics of all persuasions as well as physicians and biologists. Teleologically, such regularity in a biologic rhythm must have some self-governing component, and the purpose of this review is to consider the sinus node as a servomechanism. The normal rhythm of the heart is most effective when the excitatory impulse is properly distributed and the working myocardium responds normally to this stimulus; however, the origin of this complex sequence of events resides in the sinus node.
A servomechanism may be defined as "an automatic device for controlling large amounts of power by means of very small amounts of power and correcting performance of a mechanism to a desired standard by an error-sensing feedback" (1) , and it is logical to look at the sinus node as a servomechanism. In 1910 Flack suggested (2) that the cardioregulatory function of the sinus node was more important than its provision of a regularly timed automatic signal. However, such a distinction is spurious because the sinus node regulates the heart by the steady provision of a stimulus to contract.
There are numerous other examples of automatic or periodic function in the body. Ones which have been studied particularly are contractions of the duodenum, the ureter, the taenia coli, the pregnant uterus, and the small arteries and veins. These are all tissues of smooth muscle, however, in contrast to the striated muscle of the heart and the cells of the sinus node (3, 4) . Although there is seldom confusion in the comparison of the activity of the sinus node with the behavior of automatic smooth muscle structures, the integrated function of the sinus node is often made confusingly synonymous with the behavior of a single automatic cell-especially Purkinje cells, although there are no Purkinje cells in the sinus node.
The sinus node is composed of two special types of myocardial cells, the round or ovoid P cell and the slender transitional cell. There is evidence that the former is the actual source of automaticity (5) . However, every normal sinus node contains myriads of P cells which are more or less symmetrically disposed about a centrally located, disproportionately large artery (notably in man [6] and the dog [7] , but not in the rabbit [8] ). There are also abundant cholinergic and adrenergic nerves within the node, and numerous ganglia (presumably all cholinergic) near its margin. The sinus node is thus a complex multicellular apparatus with intricate neural control; it is optimally located and connected for maximally effective distribution ($-15) of its electrical impulse to the remainder of the heart. Although there are other sites of latent automaticity in the heart, none has the sinus node's combination of important functional and anatomic advantages as a pacemaker.
Behavior of the sinus node as a servomechanism will be considered in two ways: the first deals with the speed and the duration of feedback control and the second with the several modalities by which the servomechanism may operate. Feedback to the sinus node may be very rapid and elicit an immediate response; in this case neural mediation is expected, although another mechanism will also be considered later. However, with feedback that is either immediate (neural) or delayed (e. g., a blood-bome agent with chronotropic action), the response by the sinus node may be delayed rather than instantaneous, and the effect may last only for a few beats or for a longer time. An analogy for these examples is the two general classes of tachographs: one senses and calculates the cycle 308 JAMES length of each heartbeat and the other acts as an averaging device for several successive beats. Finally, the influences which are even more gradual in onset and which have prolonged effects, such as the nutritional and metabolic status, the integrity of collagen within the sinus node (16, 17) , the integrity of neuromuscular junctions, the temperature of the body, and the large variety of known biologic rhythms of a circadian nature (18) (19) (20) (21) , may be included.
How the sinus node functions as a servomechanism will be considered under four general subjects: (1) inherent rhythmic electrical discharge, (2) neural control, (3) mechanical and hemodynamic influences, and (4) other hypothetical mechanisms. Although these arbitrary separations permit a simpler presentation, they are of course all intricately interwoven, most often all operating at the same time but with varying dominance in their chronotropic influence.
Inlierent Rhythmic Electrical Discharge by the Sinus Node.-It is well known that the sinus node can function with or without its normal innervation in the adult heart, that the fetal heart has a regular sinus rhythm before it has autonomic innervation, and that excised pieces of sinus node exhibit an automatic rhythm independent of any neural input or the presence of arterial flow. These observations simply illustrate that the sinus node (or pieces of it) can function under such conditions, but they do not mean that innervation and normal vascular supply are unimportant to the finely tuned and exquisitely sensitive normal function of the intact sinus node in vivo. Another caveat deals with the extrapolation of findings from electrical studies of single automatic cells to the behavior of the sinus node as a whole. Not only are there important structural and functional differences between cells of the sinus node and other potentially automatic cells in the heart, but the sinus node also contains a large number of separate automatic cells. Thus, one set of regulating factors may apply to automaticity of individual cells in the sinus node, and a different set may apply to the synchronization of the electrical activity into a unified and remarkably effective signal for the heart.
Based on the clarifications of the biochemistry of action potentials in nerve in recent years, much research attention has now been focused on its analogy in the excitable tissues of the heart Although it is generally agreed that ionic movements across the external membrane of excitable cardiac cells account for their electrical behavior, there is continuing debate over the relative importance of sodium, potassium, calcium, and even chloride ions. However, the question of what causes the intermittent movement of ions through the cell wall is more relevant to the periodicity of this transfer phenomenon and its direct and indirect regulation. Cyclic production or utilization of energy possibly is the true basis for cellular automaticity. There has been some investigation of this question (22, 23) , but the energy source and the metabolism of cells in the sinus node largely remain unexplored areas. The energy processes of cells primarily having electrical functions may not be the same as those of cells having contraction as their primary function, although in both types the energy demands normally have the same periodicity. Until more is known about the biochemical nature and the intracellular source of energy regulating periodic movement of ions into and out of the automatic cells of the sinus node, significant speculation about mechanisms of control cannot be made.
Synchronization or coordination of electrical activity between many neighboring automatic cells is a matter of intercellular communication. Although the sinus node is a part of the specialized system of the heart, it differs from other parts by having the highest normal rate of impulse formation and a very slow conduction velocity. Conduction velocity in the sinus node is comparable to that in the atrioventricular (AV) node (24), a more familiar point of normal conduction delay. Slow conduction may be attributable to the fact that there are no intercalated discs and only rare small gap junctions between P cells in the sinus node (3, 4, 25) ; thus, there are no recognizable sites of low electrical resistance which are prevalent in typical cardiac tissue containing intercalated discs (25) . Slow conduction within the sinus node may be an advantage favoring the coordination of automaticity and avoiding the greater opportunity for chaos which would exist if intranodal conduction was rapid. Furthermore, the P cells of the sinus node are arranged in grapelike clusters that are in turn separated into compartments by the collagen framework of the normal sinus node. The possibility of periodic squeezing or other spatial distortion of this framework and its mechanical influence on the automatic cells contained within it has been proposed as a means by which the pulse of the centrally located sinus node artery influences the generation of a coordinated impulse by the node (26, 27) .
Neural Control of the Sinus Node.-Both cholinergic and adrenergic nerves are richly distributed within the sinus node and are conspicuously more abundant there than at any other single site in the heart (28) (29) (30) . These nerves provide an obvious means by which the sinus rate may be accelerated or slowed, thus serving the needs of the body as interpreted by the brain. The integrative control of cardiovascular function by the brain includes an enormous array of afferent signals (some originating from the heart itself [31] [32] [33] [34] [35] ) and multiple efferent pathways which control not only the sinus node but all of the heart and the peripheral vessels. Nevertheless, the role of the sinus node in these responses is not only crucial for optimal integrative control, but also sinus rhythm lends itself to singularly simple and precise methods of observation.
Responses by the sinus node are more abrupt after cholinergic stimuli of maximal intensity than they are after adrenergic stimuli. The adrenergic stimuli usually have an increasing effect over the course of several cardiac cycles, but the cholinergic stimuli may be of maximal effect within the interval of a single beat (27, 36) . Either adrenergic or cholinergic influence may be gradual or submaximal to any degree. With supramaximal stimulation of both types, the suppressive effect normally predominates. The transmembrane ionic movements and their enzymatic control are subjects of intense current interest both for acetylcholine (the vagal or cholinergic neurotransmitter) and for norepinephrine (the sympathetic or adrenergic neurotransmitter in the heart) (37-39).
Among sources of afferent input to the cardiovascular centers in the brain, the receptor sites in the carotid body and carotid sinus, the aorta, and the heart have been studied more extensively than others. The two general types of neuroreceptors are those which respond to mechanical deformation (baroreceptors, pressoreceptors, mechanoreceptors, stretch receptors) and those which respond to chemical stimuli (chemoreceptors). Although baroreceptor activity has been demonstrated in many sites, it is most familiar in association with the arch of the aorta and the carotid sinus. A simple classroom demonstration of the potency of this influence is the sinus bradycardia accompanying any abrupt rise in central aortic blood pressure and its obvious mediation by the release of acetylcholine within the sinus node. This phenomenon is an example of feedback influence with comparatively gradual onset (a few beats) and prolonged An even more intriguing form of influence from the same system, receiving considerable recent attention (40) (41) (42) (43) (44) (45) (46) (47) (48) as well as some much earlier (49), deals with the possibility of constant regulatory input to the sinus node from the vagus nerve influencing the generation of every sinus impulse. Such an influence would be the essence of a servomechanism, with each cardiac systole exciting neuroreceptors (by mechanical deformation) that in turn generate afferent signals which the brain immediately delivers back to the impulse-forming site responsible for the start of the next cardiac systole. Not only can such efferent signals cause sinus slowing by obvious means, but brief vagal stimuli of appropriate characteristics delivered at precisely timed portions of the cardiac cycle can cause a paradoxical acceleration of the sinus node (43) .
Much less is known about adrenergic neural components of reflex control of the sinus node, although serotonin elicits potent responses by chemoreceptors within the heart itself and can cause immediate sinus acceleration (33, 35) . Adrenergic neural drive also accelerates the sinus node when aortic blood pressure decreases, but the mechanism of action is less simple. Actually, negative influence via both adrenergic and cholinergic nerves is an important component of their function, so that withdrawal of cholinergic neural tone can yield the same net result as the introduction of adrenergic neural tone and vice versa. But whether the influence is by active neural control or its withdrawal and whether it is instantaneous or of gradual modulation, neural control of the sinus node is surely one of the most effective and important feedbacks by which the sinus node functions as a servomechanism.
Hemodynamic and Other Physical Influences on the Sinus Node.-Stretching the right atrium (50) or the sinus node itself (51) causes sinus tachycardia. This response is similar to that observed with stretch of certain extracardiac tissues having automatic electrical activity (52) (53) (54) (55) . Although the Bainbridge reflex may be thought of as the consequence of right atrial stretch, the validity of that reflex is still debated (56) . Whether mechanical stretch as demonstrated by external manipulation is a significant factor in vivo is also questionable. The sinus node (particularly in man and the dog) contains such a stout collagen framework that its tensile strength may be greater than generally 310 JAMES thought, especially when compared with the adjacent right atrial wall. Not only does the free right atrial wall contain comparatively little collagen and specifically much less than the sinus node, but it is also constructed in a bellows arrangement with the parallel trabeculae joined together only by a conspicuously thin layer of atrial myocardium. The functional geometry of the right atrial chamber deserves more investigation and definition than it has received.
If mechanical distortion of the right atrium does influence the rate of impulse formation by the sinus node, such an influence could operate on a beat-tobeat basis, but it is more likely to be gradual in onset and longer lasting. The influence of nutritional status (57) or of temperature (58) is also a protracted effect of gradual onset but nevertheless may reset the rate of the sinus node. Two examples are hyperthermia of any etiology, but particularly fever associated with infections, and hypothermia due to either accidental exposure or intentional cooling (as in cardiovascular surgery).
Rhythmic physical motion (compression or squeezing) by a pulse from the centrally located, disproportionately large sinus node artery may produce some synchronizing influence to coordinate otherwise disparate rates of discharge by the large number of separate automatic cells in the sinus node. As a consistent major coronary branch originating within the first few centimeters from the aorta (59), the sinus node artery is admirably located for early sensing of every systole of the heart. Whether rhythmic movement of the artery is one of radial expansion (6) or a longitudinal tethering effect (60) , such motion could be transmitted to the automatic cells which are all disposed about the circumference of the artery and are densely encased in a collagen matrix. This collagen framework not only is fixed to the smooth muscle of the sinus node artery, but it is also directly attached to the basement membrane surrounding clusters of P cells (4) . The histologic pattern of the sinus node is one of beautiful geometry in which pockets of P cells are connected with transitional cells intermeshed to form a basketweave arrangement. The entire structure strongly suggests a physical-functional relationship between node and artery, an arrangement which prompted Soderstrom (61) to describe the node as resembling an enormous adventitia of its artery. Electrical instability of the heart observed in infants and very young children may in part be attributable to the paucity of nodal collagen very early in life (17, 62) . Similar instability seen with diseases which destroy the wall or obliterate the lumen of the sinus node artery (63) (64) (65) (66) (67) (68) (69) (70) or weaken the collagen framework (16) may also be due in part to loss of the stabilizing influence of the pulse and impulse relationship.
There are two temporal modes in which pulse and impulse may function as a servomechanism: beat-to-beat and a less brisk but more protracted averaging or modulating influence. It is possible to cause the sinus node to beat faster by delivering an artificial pulse into its artery at a rate greater than the control sinus rate (26, 27) , and this entraining relationship is dependent on the presence of catecholamine responsiveness since it is eliminated by beta-receptor blockade. Also the sinus node may be gradually slowed by distending its artery, but following this phenomenon there is a transient acceleration (71, 72) . This slowing is probably physical in nature and distinctly not neurally mediated, but the postdnjection acceleration can be eliminated by blockade of the beta receptors. Both the injection bradycardia and the postinjection acceleration represent possible modulating influences on the sinus node.
Just as the sinus node does not require neural input to behave as a center of automaticity, it does not need to have either an artery or a pulse within the node for this function. However, both the nerves and the pulse may provide an element of desirable modulation or stabilization of function which would not be available otherwise, i. e., the sinus node without nerves and without normal intranodal pulsations may be intrinsically less stable at rest and much more easily disrupted or arrested during stress.
Other Hypothetical Mechanisms.-Certain small arteries and veins exhibit regular spontaneous electrical activity (73) (74) (75) . It is not known whether the sinus node artery does. If it does, the sequential relationship of this electrical signal to the time of impulse formation would deserve examination, including the possibility of a constant functional integration between the two. It is even plausible to consider the sinus node under such hypothetical circumstances as primarily an amplifier rather than a signal generator.
After the sinus node, the major subsidiary automatic center of the heart is in the region of the junction of the AV node and the His bundle. Half a century ago Van Der Pol and his colleague (76, 77) examined the resemblance of cardiac rhythm to a system of coupled relaxation oscillators. Grant (78) later applied this analogy to an investigation of abnormalities of cardiac rhythm. More recent studies (79) (80) (81) continue to support the validity of the analogy, but the mechanism by which two such oscillators communicate is incompletely understood. There is no problem in understanding the forward limb of the connecting loop, which is almost certainly simply one of conduction from the sinus node to the AV junction. But how do response by the AV junction and ventricular contraction, which is consequent to that response, subsequently influence the sinus node, thus closing the loop? On the basis of present knowledge this phenomenon could hardly result from retrograde conduction, i.e., during normal sinus rhythm. One possibility is a reflex neural mechanism (40-49) which operates with every heart beat or over longer periods in response to aortic blood pressure changes. Another possibility (26, 27) is the consistent delivery of a pulse into the sinus node artery shortly after generation of the sinus impulse, possibly influencing the speed of the development of the next impulse, A neural reflex influence is an electrical phenomenon resembling cardiac electrical activity in some properties but differing in others, but the pulse response is at least in part a mechanical or physical event. If the forward limb of the loop is a cardiac electrical phenomenon (conduction) and the closing limb of the loop combines both a neural electrical phenomenon (reflex) and a hemodynamic event (pulse in the sinus node artery), then the servomechanism would consist of several different modalities. There may be functional advantages to this heterogeneity of feedback mechanisms. For a number of years it has been known that pulsatile flow in the carotid sinus produces different reflexogenic activity from that with nonpulsatile flow, including the neural influence on heart rate (82) (83) . Along with the phasic neural control of the sinus node, there is probably a synchronous phasic pulsatile control within the sinus node itself.
Several ways in which the sinus node may function as a servomechanism have been considered. Factors possibly contributing to such behavior include the metabolic control of individual cellular electrical activity, the slow speed of conduction within the sinus node, the reflex neural response to the aortic pressure pulse, and the functional influence between the arterial pulse and the impulse formation within the sinus node. More than one feedback mechanism probably exists, and these mechanisms are undoubtedly intricately related for CircmUlion Rtn.rcb, Vol. XXXII, March 1973 maximal stability and optimal responsiveness by the normal pacemaker of the heart.
